Activation of medium spiny neurons (MSNs) of the nucleus accumbens is critical for goal-directed behaviors including cocaine seeking. Studies in cocaine-experienced rodents have revealed three major categories of neuroadaptations that influence the ability of glutamate inputs to activate MSNs: changes in synaptic AMPA receptor levels, changes in extracellular non-synaptic glutamate levels and changes in MSN intrinsic membrane excitability. Most studies have focused on one of these adaptations. This review will consider the possibility that they are causally related and speculate about how time-dependent changes in their interactions may regulate MSN output during early and late withdrawal from repeated cocaine exposure.
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Cocaine and excitatory transmission in the nucleus accumbens The nucleus accumbens (NAc) is a critical brain region for goal-directed behaviors, including behaviors related to drugs of abuse. Medium spiny neurons (MSNs), the principal cell type of the NAc, receive glutamate inputs from limbic and cortical regions. These inputs transmit information related to emotional salience (amygdala), context (hippocampus) and executive/motor planning (prefrontal cortex, PFC). The MSNs integrate this information and then, through their projections, influence motor regions that execute goal-directed behaviors [1, 2] . Accumulating evidence indicates that cocaine-seeking in many animal models of addiction ultimately requires activation of NAc MSNs via AMPA-type glutamate receptors (AMPARs) [3, 4] . This has triggered tremendous interest in identifying mechanisms that regulate MSN excitability and thereby set the gain on addiction-related behavioral output.
Three categories of cocaine-induced neuroadaptations have been identified that are most directly involved in regulating the ability of glutamate inputs to drive NAc MSNs (Figure 1 ): (i) changes in AMPAR levels; (ii) impaired cystine-glutamate exchange, leading to decreased extracellular non-synaptic glutamate levels; and (iii) changes in intrinsic membrane excitability of MSNs due to alterations in voltage-sensitive conductances. Although each adaptation has been well studied, their interactions remain a Bermuda Triangle. Except for a few reports [5] [6] [7] , most studies have stayed in one of the three corners. Here, we will briefly review each of these neuroadaptations and then consider how they may interact to determine the functional output of NAc neurons.
One complicating factor is the use of different animal models in different studies (see Glossary). This review will focus on studies in which rodents were exposed to cocaine (either contingent or non-contingent) and then assessed after a period of drug withdrawal. Such studies are important because they parallel common human scenarios in which drug use is terminated for a period of time by hospitalization or incarceration [8] .
Cocaine-induced neuroadaptations Alterations in postsynaptic AMPAR levels
The effect of cocaine on AMPAR levels in the NAc has been recently reviewed [4] . Most studies have been performed in rodents treated with repeated non-contingent cocaine injections to produce behavioral sensitization. Biochemical and electrophysiological approaches indicate an increase in cell surface and synaptic AMPAR levels that occurs during the first week of withdrawal and then persists for weeks [9] [10] [11] [12] [13] [14] [15] . This occurs in both the core and shell subregions of the NAc (Box 1). At first these findings appeared to conflict with prior results demonstrating a long-term depression (LTD)-like state (suggestive of AMPAR downregulation) in the NAc of cocaine-sensitized mice [16] . However, in this earlier study, mice were re-exposed to cocaine (''cocaine challenge'') 24 h before analysis. It turns out that cocaine challenge transiently decreases AMPAR surface expression [10, 11, 15, 17] , although AMPARs recover back to upregulated levels within a week [15, 17] .
Nearly all AMPARs in the NAc of adult drug-naïve rodents contain the GluA2 subunit [10, 11, 18] and both biochemical and electrophysiological results indicate that AMPAR upregulation during the first 3 weeks of withdrawal involves GluA1A2 receptors [9] [10] [11] 13, 15] . Therefore, it was surprising when GluA2-lacking AMPARs (hereafter termed CP-AMPAR, for Ca 2+ -permeable; see [19] [20] [21] ) were found in the NAc of cocaine-sensitized mice on withdrawal day (WD) 35 [22] . This result could reflect the longer period of drug withdrawal. However, mice were very young during cocaine treatment [22] and CP-AMPARs are more prevalent in young NAc neurons [23] . Long withdrawal from non-contingent cocaine treatment in older animals might not result in the same upregulation of CP-AMPARs [24] .
What is the functional significance of AMPAR upregulation in the NAc of cocaine-sensitized rats? Although considerable evidence argues that enhanced AMPAR transmission is critical for the expression of locomotor 
